With the wide application of modular multilevel converters (MMC) in high voltage and high power areas, many open loop methods are proposed for MMC. However, the stability of MMC open loop control system has not been solved so far. Aim at this problem, on the base of Lyapunov theory and persistently and sufficiently exciting (PSE) condition in the adaptive control theory, the uniform asymptotic stability of MMC with capacitor voltage open-loop and without current closed-loop is proved. For the capacitor voltage open-loop balancing control, a soft-rotating phase-shifted carrier (PSC) modulation algorithm is used. Considering the influence of nonideal factors such as the deviation of capacitance and power tubes' characteristics, the correctness and validity of these results are verified by the simulation.
INTRODUCTION
MMC has its certain advantages of modularity, scalability, and low harmonic distortion, in comparison with conventional two-level converters, diode-clamped converters and cascaded H-bridge converters [1] . Therefore, MMC has been regarded as the preferred topology in the high-voltage high-power applications [2] [3] [4] .
After the concept of MMC was put forward, the capacitor voltage balancing strategy is always the most special and important aspect, since it is theoretically and practically significant to the system performance, reliability and complexity. The majority of strategies are based on either the nearest level modulation (NLM) combined with a capacitor voltage sorting algorithm [5] or the pulse width modulation (PWM) method with capacitor voltage feedback control [6] These balancing methods are mainly based on capacitor voltage measurements. As a result, the reliability of control system may be deteriorated as the number of SMs increases.
To solve the afore mentioned problem, in terms of topology, the literature [7] proposed a new parallel-connected diodeclamped MMC. In this topology, the capacitor voltages can be balanced automatically without any balancing control algorithms. However, the balancing speed is slow and the circuit is complex. In terms of algorithms, the commonly used method is to design a capacitor voltage balancing method by observer [8] [9] [10] . In [11] and [12] , a balancing technique without using capacitor voltage feedback control is proposed which depends on rotating an optimal pulse pattern obtained offline. The open-loop rotating method reduces the complexity of the control system, and the need for capacitor voltage measurements is reduced to fault-handling purposes or increase system safety performance. However, the stability problem of capacitor voltage open-loop operation has not been solved. Many researchers might assume that the capacitor voltage open-loop control will be less robustness against transients and non-ideal factors [13] . In this paper, it will be shown that when the switching functions of SMs satisfy some certain conditions, the capacitor voltages in one arm will be balanced even though there is no capacitor voltage closed-loop control. And for capacitor voltages balancing control, the capacitor voltage detection and observation are not necessary. Fig.1 schematically illustrates the circuit of a gridconnected MMC for HVDC application. The topology comprises a three-phase MMC, a YN type transformer and an AC system. Each phase of the MMC is made up by an upper arm and a lower arm. Each arm consists of N SMs and an arm inductor. Each SM contains a half-bridge circuit and a capacitor. There are three basic operating modes for each SM, including charging, discharging and bypassed. A control strategy continuously determines the number of inserted SMs of each arm to obtain a multilevel voltage at the AC side of MMC. Meanwhile, a SM selection method chooses which SM in each arm to insert or bypass to balance the capacitor voltage. have been balanced by means of the sorting method or feedback control [14, 15] . But established models cannot describe the charging and discharging dynamics of each SM and they are invalid for the analysis of capacitor voltages without measurements or feedback control.
II. BASIC OPERATION PRINCIPLES OF MMC
In this paper, the stability of MMC open loop control systems will be investigated. In which, the capacitor voltages are neither detected nor observed, so no feedback control or sorting control will be adopted. The non-ideal factors, such as the differences of the capacitances and the power tubes' characteristics of SMs will be taken into account. Therefore, it is necessary to establish a full-dimensional model of MMC which takes each SM capacitor voltage as state variable and considers the asymmetrical parameters.
According to the topology of MMC in Fig 
According to Fig.2 , by the Kirchhoff's voltage law, the system dynamic equations are given by
the voltage between the midpoint ' o ' of the ac side and the midpoint ' o ' of the dc side.
The capacitor voltage dynamics can be expressed by
Considering the constraint of sa sb sc 0 (1) and (2) 
) as the inputs, the state-space description of the three-phase MMC is derived as
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IV. STABILITY OF MMC
It is commonly doubted that the different power tubes' characteristics or capacitances of SMs may cause the continuous deviation of capacitor voltages under the openloop control. The aim of the capacitor voltage balancing can only be achieved by the feedback control of capacitor voltages which are either detected or observed. The following contents, based on the established model of MMC and by the Lyapunov theory and the adaptive control theory, it will show that the capacitor voltages will be balanced under the open-loop control as long as some certain condition is satisfied.
For the capacitor voltages open-loop control without current closed-loop, the switching function of each SM varies independently over time and is independent of state variables. The system given in equation (3) is linear time-varying. As is known, the stability of a linear system is equivalent to its corresponding non-excitated system. The non-excitated system of the equation (3) can be expressed as, px nx T px nx ( ( ), ( )) ( ( ), ( )) 0
Let a Lyapunov function candidate be
According to the equation (4), it is easily to verify that V 0   , then the zero-state responses of system (4) are uniformly stable. Furthermore, the uniform asymptotic stability for the system (4) can be achieved by the conclusion which is associated with the model reference adaptive control system. Taking the state transition T  z x , where the matrix T is defined as,
is an identity matrix. The equation (1) is equivalent to 
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     w (7) The condition given by inequality (7) is the PSE condition (9) As the matrix F is nonsingular, if W satisfies the PSE condition, that is, there exists a positive  , To verify the the uniform asymptotic stability of MMC under open loop operation, a soft-rotating Phase-Shifted Carrier (PSC) modulation method is used, which requires that the phase-difference between each carrier and modulation signal should rotate. In this paper, the carrier frequency of the soft-rotating PSC modulation is set to 312.5Hz. The parameters of the simulation are given as followings: the DC bus voltage is 5kV，the number of SMs per arm is 4, the arm inductance is 0.265mH, the arm resistance is 0.03  , the capacitance of each SM is 4000 μF , the converted peak grid voltage is 2.3kV and 50Hz, the converted resistance and inductance at AC side are 0.065  and 2.01mH. Fig.3 shows the waveforms of capacitor voltages of the upper and lower arms of phase 'a' under zero-input, that is, the DC bus voltage and the grid voltages are set to zero, and the initial values of capacitor voltages of the upper arm of phase 'a' are set to 800V, 1200V, 1400V and 1600V, the initial values of other SMs are entirely set to 1250V. As displayed in Fig.3 , the zero-input responses of capacitor voltages will decay to zero as t   and they are independent of their initial state values. The uniformly asymptotically stable result of MMC is verified. Moreover, to verify the capacitor voltage balancing performance and robustness under open-loop condition, the inputs of the DC bus voltage and grid voltages are applied and soft-rotating PSC modulation method is used. Firstly, to verify the balancing ability when a load step changes, the command of the AC-side active power is changed from 1.5MW to 0.75MW when t=5s and the reactive power is always set to 0Var. To verify the balancing robustness when non-ideal factors exist, one is that the capacitances of SMs are set to different values, in which the capacitances of SMs of the upper arm of phase 'a' are set to 4400 μF , 4200 μF , 3800 μF and 3600 μF , the capacitances of the other SMs are entirely set to 4000 μF . The other is the conduction-drops of SMs are set to different values. The conduction-resistances of power tubes of the upper arm of phase 'a' are set to 1 m  , 3 m  , 5 m  and 8 m  , the conduction-resistances of the other power tubes are entirely set to 0.01 m   Fig.4 shows the waveforms of capacitor voltages of the upper and lower arms of phase 'a' in the three experiments designed above, where the initial capacitor voltage of each SM is the same as Fig.3 . The active power and reactive power at the AC-side under the load step changes are shown in Figure 5 . control theory. To verify the theory, the soft rotating PSC modulation algorithm is used. The simulation results show that the capacitor voltage can be balanced without any form of feedback and is not sensitive the no ideal factors. This conclusion will change the design idea of MMC, which has an important theoretical and practical significance.
